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Abstract
The microstructure of Equal Channel Angular Extruded (ECAE) 99.1% aluminium was investigated by X-ray diffraction (XRD)
analysis. It was found that the XRD peaks showed a significant broadening, which was related to grain refinement and lattice
distortions. For microstrain evolution, the saturation value reached after one pass by ECAE can be explained by accumulated
strain hardening of the material during plastic deformation. A significant decrease of the lattice parameter was observed after
ECAE. This decrease is caused by the grain compression due to its finite size and to the pressure exerted by the grain surface on
to the bulk of the grains.
© 2009 Elsevier B.V.
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1. Introduction
Severe plastic deformation (SPD) is an effective tool for producing bulk ultrafine-grained (submicron-grainsized
or nanostructured) metals [1]. One of the most common SPD methods is equal channel angular extrusion (ECAE)—
a technique that results in a homogeneous ultrafine-grained microstructure of the workpiece [1, 2]. It has been
shown that an imposed equivalent strain of~1 is introduced on one passage of the sample through the ECAE die [1].
As the dimensions of the billet do not change practically during ECAE, the process can be repeated several times to
increase the strain. The nanostructured materials produced by ECAE have a very high strength due to their low grain
size and high dislocation density [2].
For understanding the mechanical behavior of materials produced by ECAE, it is necessary to characterize their
microstructure. The crystallite size and the lattice strain in nanocrystalline materials can be determined by X-ray line
profile analysis. In SPD processed materials where the lattice distortions are primarily caused by dislocations, the
characteristic parameters of the dislocation structure can be obtained by the evaluation of the strain broadening of X-
ray line profiles [3, 4]. Moreover, X-ray diffraction provides a powerful non-destructive method for the analysis of
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the microstructure of a material [5-9]. In the last few years, considerable efforts have been made to develop
procedures that can determine the parameters of the microstructure by fitting the whole diffraction profiles [10-16].
During the ECAE process, the changes in peak shape are related to microstructural changes. The experimental
line broadening is the result, among others, of three contributions, which are the finite crystallite size, lattice strains
and the instrumental effects [7]. Many techniques, such as the Williamson–Hall [5] and Halder–Wagner methods
[7], are also used to determine the grain size and the equivalent strain. In the Williamson–Hall treatment, the full
width at half maximum (FWHM), , due to sample imperfections is related to the crystallite size, D, and the
distortions, , by the equation:
D
d 1** += εβ (1)
where * =  cos / and d* = 2 sin /;  the Bragg angle and  is the wavelength used. From Eq. (1), the
intercept of the plot of * against d* gives 1/D and the slope gives the strain. The Williamson–Hall plot shows
whether the breadth depends on d* and the nature of any hkl dependence. In the Halder–Wagner method, which
assumesa Voigtian peak shape, the crystallite size, D, and the strain , are related to * by the following expression:
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From Eq. (2), the intercept of the plot of (*/d*)2 versus */(d*)2 gives the value of the equivalent strain and the
slope gives the crystallite size.
The aim of the present work was to study the nanocrystalline structure formation in a recycled aluminium 99.1%
produced by equal channel angular extrusion. The microstructure was investigated by X-ray diffraction peak profile
analysis when using the Williamson–Hall and the Halder–Wagner methods.
2. Experimental details
2. 1. Samples and severe plastic deformation
The experiments were carried out on a recycled aluminum (99.1%) material received in the form of cast ingots.
The chemical composition is given in table 1. The material was annealed for 24h at 500°C and quenched in iced
water for homogenization.
Table 1. Chemical composition of the investigated material (ppm weight)
Cr Cu Fe Mg Mn Si Zn Al
345 409 3600 1700 385 3500 1900 Balance
Samples with initial dimensions of ∼10mm x 10mm x 70mm were cut for ECA pressing. The die used for this
SPD process was made of two tool steel blocks bolted together. Two square channels of 10 x 10 mm2 cross sectional
area intersecting at an angle Φ = 90° were machined in one of the two pieces. The arc of curvature at the outer point
of the intersection of the two channels delineated an angle Ψ = 90° (Fig. 1). Each specimen was mechanically
grounded to dimensions closes to those of the channel cross-section. In all cases, a lubricant containing MoS2 was
used. In this case, according to Iwahashi et al. [17], the total equivalent strain, N accumulated by N passes is equal
to 0.906 N.
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Fig.1. Die used for ECAE.
In the present work, repeated pressing was conducted up to N = 4 passes using route BC, in which the sample was
rotated around its axis by an angle 90° between two successive passes, and C (the angle of rotation is 180°). Three
orthogonal planes X, Y and Z with associated directions were defined. The plane X is perpendicular to the
longitudinal axis of the pressed sample; Y and Z are the planes parallel to the side and top faces at the point of exit
from the die, respectively [18].
2. 2. Structural characterisation
For X-ray diffraction (XRD), after ECAE, specimens of ~10mm x 10mm x 2mm were cut from the central part of
each ECA extruded sample. XRD was carried out on the X plane, at room temperature with a diffractometer in step
scanning mode using CoK radiation. The XRD patterns were recorded with a scan rate of 4s in the scanning range
2 = 20–140. A smaller angular steps of 2 = 0.017° was taken to measure the intensity of each Bragg reflexions.
In order to estimate the lattice distortions and the crystallite size in the pressed samples, the Williamson–Hall
(WH) and Halder–Wagner (HW) methods were used. All the fundamental peaks were analysed separately.
The integral breath exp, defined by the ratio between the integrated intensity Iint (the area of the peak) and its
height Imax, was used to calculate the crystallite sizes and the lattice distorsions. Iint and Imax were determined by
using WinPLOTR software. The experimental breath exp of a given reflection was corrected for the peak breath
from the instrument alone ins by using the relation [19]:
( ) ( )[ ] 2/1exp2/122exp insins βββββ −−= (3)
The instrumental breadth ins was determined using recristallized NaCl powders and annealed aluminium as
standard reference materials.
The lattice parameter of the material before and after ECA pressings was obtained from a linear regression
analysis of the measured lattice parameter, aapp, obtained from each peak, plotted against the Nilson–Reley function
[20]:
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and extrapolated to N–R = 0.
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3. Results and discussions
The XRD patterns taken on the X-plane before and after ECAE for the two processing routes Bc and C, are given
in Fig. 2(a). In addition to the peaks relative to the f.c.c. solid solution, three peaks at 2 = 47.23°, 49.09° and 50.65°
of very low intensities were recorded (Fig. 2(b)). These peaks correspond to the fine precipitates. From the XRD
data and X-ray emission spectrometry in the SEM, these precipitates were found to be Al8Fe2Si of the hexagonal
structure; they are located at the grain boundaries and within the grains (Fig. 3).
(a)
(b)
Fig.2. (a) XRD patterns of the material before and after ECA pressings scanned on the X-plane, (b) XRD peaks of precipitates.
Fig.3. SEM photograph and EDS spectra of Al 99.1%.
Quantitative data on the intensities of (111), (200), (220), (211), (222), (311) and (400) peaks, normalized to that
of the most intense peak, recorded on the X-plane are given in Table 2. Examination shows that the texture observed
in the starting material is partially removed after several passes through the die but the intensities of the diffraction
peaks remain rather different from the tabulated ones for an annealed aluminium powder. Indeed, the texture
50μm
Al8Fe2Si
precipitates
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appeared varying slightly with the number of passes. The ECA texture is related to the large plastic deformation and
strain-path changes involved in the ECA pressing process. Moreover, it should be noted that there is not a great
difference between the values of peaks intensities obtained for the two processing routes.
Table 2. Peak intensities measured on the X-plane normalized to that of the most intense peak
before and after ECAE for two processing routes Bc and C.
Number of passes (1 1 1) (2 0 0) (2 2 0) (3 1 1) (2 2 2) (4 0 0)
0 100 7.07 1.74 3.05 12.89 –
1 100 45.13 38.91 19.66 3.59 2.96
2 (Route B) 94.35 84.57 100 28.04 4.43 5.81
3 100 31.12 6.77 8.76 5.86 1.93
4 100 52.53 56.87 27.85 5.21 3.84
2 (Route C) 100 39.38 90 25.27 5.58 3.19
3 94.98 38.04 100 21.94 4.89 3.68
4 100 35.82 13.48 12.30 4.62 2.56
Tabulated data [21] 100 47 22 24 7 2
For N = 0, the (400) peak was not observed.
A comparison of the patterns from the unextruded sample (N= 0) and the ECA extruded samples revealed a shift
towards higher or lower  angles. The peak shift is related to residual compressive stress caused by the ECAE and
partial dissolution of the Al8Fe2Si precipitates which would alter the lattice parameter.
The evolution of the lattice parameter against the number of passes for the two processing routes, Bc and C is
given in Fig. 4. The error bars were obtained by calculation of the standard deviation on the values of the lattice
parameters calculated from each peak. We have concluded that the resulting error of the lattice parameter value does
not exceed 0.01%. We note that a decreases when increasing N up to N = 2, then it increases for subsequent
numbers of passages; the increase is however, more important in the specimens extruded via route C. The decrease
of the lattice parameter is probably caused by the grain compression due to the presence of compressive stress fields
within the nonequilibrium grain boundaries inside of crystallites and, as a result, causes a decrease in the lattice
parameter [22].
It has been shown previously that grain refinement can influence the lattice parameter [23–25]. It was shown that
a dynamic equilibrium between production and annihilation of dislocation takes place simultaneously during ECAE
which results in a constant work hardening [26]. Also, in spite of consistent accumulation of strain with repetitive
pressings, it was shown that the grain size and the dislocation density remain unchanged [27]. On the other hand, the
investigation of Qin et al. [28] showed a decrease of aluminium lattice parameter; they explained that by the stress
exerted by the grain surface onto the bulk of the grains, which causes a grain compression.
Fig.4. Changes of the lattice parameter determined in the X-plane with the number of passes, N for the two processing routes, Bc and C.
In order to obtain information on the grain refinement and on the lattice distortions induced by the severe plastic
deformation, an inspection of the shape of the diffraction peaks was performed. The evolution of the shape of the
(111) and (200) diffraction peaks recorded on the X-plane is shown in Fig. 5 for several numbers of passes via the
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two routes, Bc and C. In this representation, the intensities of all the peaks were normalized to the maximum
intensity.
Fig.5. The (111) and (200) peaks recorded in the X-plane before and after ECAE for the two processing routes Bc and C.
As compared with the unpressed sample (N= 0), an important broadening was observed after the first pass
through the die. Thereafter, the broadening remained practically unchanged. For the (111) peak, the K2 reflection
was well resolved for the unpressed sample but not after deformation because of the peak broadening. This
broadening is related to the changes of microstructure, i.e., the grain refinement and lattice distortions introduced by
ECAE.
The variations of the corrected breath obtained according to the equation (3),  against the number of passes, N
for the two routes Bc and C are given in Fig. 6. For several peaks of DRX, a significant broadening is observed after
the first pass. For increased passes, the broadening remains practically unchanged. These results are in agreement
with those found by Chang et al. [27]. Indeed, they analyzed by DRX an aluminium 99.1% deformed by ECAE
through a die having for angles =90° and = 0. They noticed that deformations by ECAE lead to a broadening of
the peaks of diffraction. They allowed this broadening to the very small size of the grains and the lattice distortions.
Alexandrov and Valiev [29] were also observed a broadening of the XRD peaks of copper deformed by ECAE
and high pressure torsion (HPT). This broadening is accompanied by changes in the integrated intensities and in
the position of the diffraction peaks.
For the calculations of the crystallite sizes D and the rms-strain ε achieved after ECAE, the Williamson–Hall
(WH) and the Halder–Wagner (HW) representations were used. Fig. 7 shows examples of the WH and HW plots for
selected numbers of passes. The (WH) method should be used to control the degree of isotropy of the crystallite
sizes and of the generated distortion, but it could be used for quantitative measurements in the case of Gaussian-
Gaussian peak profile.
The values of the crystallite sizes and of the lattice distortions for several numbers of passes using the two
processing routes Bc and C are given in Table 3.
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Fig.6. The variations of the corrected breath,  against the number of passes, N for the two routes Bc and C.
Fig. 7. (a) The Williamson–Hall plots for N= 2 and N= 3; route C, (b) The Halder–Wagner plots for N= 1 and N= 2; route Bc.
Table 3. The values of the crystallite sizes, D and the lattice distortions,  for several numbers of passes using the two processing routes Bc and C.
Williamson–Hall Halder–Wagner
Number of passes
D (nm)  (%) D (nm)  (%)
1 67 0.08 86 0.1
2 (Route Bc) 98 0.09 73 0.17
3 133 0.1 89 0.2
4 74 0.11 74 0.2
2 (Route C) 145 0.13 100 0.28
3 112 0.11 78 0.2
4 77 0.12 89 0.17
The rms-strain ε values obtained from the WH plots were in the range 0.08–0.13%; they appear practically
unchanged after the first pass. This indicates certain saturation when N increases. However, the crystallite size has
been reduced from several tens of microns to 70 nm already after a single ECAE pass. By using the HW
representation, the distortions were found to be in the range 0.1–0.28%. The crystallite size achieved for N= 1 was
around 90 nm. For N= 2–4, it was in the range 70–100 nm. Consequently, this intensive grain refinement leads to an
enhanced strengthening of the ECA extruded material.
In order to know which of the two methods WH and HW should be used in the present work to determine the
crystallite size and lattice distortions, the shape factor 	, defined as the ratio between the FWHM and the integral
breadth was calculated. For all XRD peaks, 	 values were between 0.741 and 0.909. This indicates that the peak
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profiles of the ECA extruded samples can be described by a Voigt function [30] and then the HW method should be
used to determine the material grain size and lattice distortions.
4. Conclusion
The microstructure of ECA extruded 99.1% aluminum was investigated by X-ray diffraction analysis. It was
found that the crystallite size is several tens of nanometer even after one ECAE pass and further refinement cannot
be achieved by increasing the number of passes. A significant decrease of the lattice parameter was observed after
ECAE. This decrease is caused by the grain compression due to its finite size and to the pressure exerted by the
grain surface on to the bulk of the grains; values close to 80 nm and 0.2% were obtained for D and ε respectively.
For microstrain evolution, the saturation value reached after one pass by ECAE can be explained by accumulated
strain hardening of the material during plastic deformation. It can also occur when dislocations due to plastic
deformation are in equilibrium with the annihilation of dislocations by recovery mechanisms due either to high
dislocation density or to a slight heating of the sample during ECAE process.
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